Fig. 1. Schematic representations of S1P and LT1009. (A)
The structure of S1P in its uncharged form with stereochemistry and numbering of the carbon atoms indicated. (B) The primary amino acid sequence of the CDRs from the LT1009 heavy and light chains is shown in single letter code. Numbering is according to Kabat and Wu convention with letters A-D below indicating insertions. For comparison, the CDR sequences from the anti-CD4 Q425 antibody are aligned and identical and homologous residues are indicated by black and light gray boxes, respectively. Residues directly involved in S1P binding are indicated by the following letters above the sequence: M, binds Ca 2ϩ ; H, hydrogen bonds through a side chain; h, hydrogen bonds through peptide backbone atoms; ⌽, mediates hydrophobic interactions. Amino acids that were observed to contact Ca 2ϩ in the Q425 Fab x-ray structure are indicated by the letter ''m'' below. The pleiotropic signaling lipid sphingosine-1-phosphate (S1P) plays significant roles in angiogenesis, heart disease, and cancer. LT1009 (also known as sonepcizumab) is a humanized monoclonal antibody that binds S1P with high affinity and specificity. Because the antibody is currently in clinical trials, it is important to confirm by structural and biochemical analyses that it binds its target in a predictable manner. Therefore, we determined the structure of a complex between the LT1009 antibody Fab fragment and S1P refined to 1.90 Å resolution. The antibody employs unique and diverse strategies to recognize its antigen. Two metal ions bridge complementarity determining regions from the antibody light chain and S1P. The coordination geometry, inductively coupled plasma spectroscopy, surface plasmon resonance spectroscopy, and biochemical assays suggest that these are Ca 2؉ . The amino alcohol head group of the sphingosine backbone is recognized through hydrogen bonding interactions from 1 aa side chain and polypeptide backbone atoms of the antibody light and heavy chains. The S1P hydrophobic tail is almost completely enclosed within a hydrophobic channel formed primarily by the heavy chain. Both treatment of the complex with metal chelators and mutation of amino acids in the light chain that coordinate the metal atoms or directly contact the polar head group abrogate binding, while mutations within the hydrophobic cavity also decrease S1P binding affinity. The structure suggests mechanistic details for recognition of a signaling lipid by a therapeutic antibody candidate. Moreover, this study provides direct structural evidence that antibodies are capable of using metals to bridge antigen:antibody complexes.
antibody structure ͉ calcium ͉ lipid signaling ͉ x-ray crystallography S phingolipids are primary structural components of cell membranes that also serve as cellular signaling and regulatory molecules (1) . The sphingolipid signaling cascade, of which ceramide (CER), sphingosine (SPH), and sphingosine-1-phosphate (S1P) are the most widely studied components, has recently become appreciated for its roles in the cardiovascular system, angiogenesis, and tumor biology (2) . The sphingolipid signaling molecule S1P (Fig. 1A) is produced from SPH through the action of sphingosine kinase. While CER and SPH are commonly associated with apoptosis, S1P is a mediator of cell proliferation and an activator of survival pathways (3) (4) (5) . S1P functions as an extracellular mediator of cell survival that can activate a set of G Protein-Coupled Receptors belonging to the S1P/LPA receptor family, formerly known as Edg receptors (6) . However, intracellular signaling roles for S1P have also been suggested (7) .
In an effort to design therapeutics that target biologically active lipids, we have produced a monoclonal antibody that specifically binds the S1P tumor growth factor in the physiological concentration range and is capable of neutralizing its effects in vivo (8, 9) . A fully humanized form of the antibody, which we refer to here as LT1009 (also known as sonepcizumab), has been developed and is currently in Phase 1 trials for cancer as the systemic formulation named ASONEP while an ocular formulation known as iSONEP is in Phase 1 clinical trials for AgeRelated Macular Degeneration (AMD). To better understand the molecular determinants for S1P binding specificity, we have determined the x-ray crystal structure of the Fab fragment of LT1009 in complex with S1P. The complex structure reveals a mechanism for the specific binding of a biologically active small molecule lipid by an antibody.
Results
Structure Determination. LT1009 (sonepcizumab) was generated by grafting the CDR loops of the murine parent antibody (Sphingomab) onto a human IgG1K isotype framework (Fig.  1B) . Several residues in the framework of the variable domain were mutated back to the murine sequence to restore high affinity S1P binding (9) . Standard methods were used for large-scale whole antibody generation, purification, papain proteolysis, and Fab purification. Complexes suitable for crystallization were formed by incubating the Fab and S1P in an aqueous emulsion followed by filtration. Initial 2 F O -F C map building with reflection intensities measured to a minimum Bragg spacing of 2.70 Å and phases derived from molecular replacement yielded a clear extra electron density within the suspected antigen binding site. After fitting and refining the atoms of S1P, 2 spheres of electron density that were visible when contoured at 5.0 remained unaccounted for. On the basis of local B-factors, coordination geometry, ligand chemistry, bond lengths, and resulting difference maps the 2 sites were assigned as Ca 2ϩ ions. This assignment was made despite the fact that the same coordination observed in the S1P:LT1009 Fab complex is also preferred by Mg 2ϩ and the crystal formed in 100 mM MgSO 4 . The x-ray structure was subsequently refined against diffraction data collected to 1.90 Å (Table 1) .
Overall Complex Structure. The LT1009 antibody heavy and light chains are numbered according to the system of Kabat and Wu (10) . The LT1009 Fab fragment structure exhibits the standard Ig domain folds ( Fig. 2A) . Interest in the structure of the LT1009 Fab derives from its high affinity binding of the bioactive lipid S1P and the direct participation of a pair of Ca 2ϩ ions in S1P binding (Fig. 2B) . This is the first example of which we are aware wherein metal ions are directly observed in a crystal structure to bridge an antibody and its epitope.
The antibody-bound S1P adopts a slightly curled conformation as it perfectly fits the refined electron density with near ideal stereochemistry, bond lengths, and angles (Fig. 2B) . Other than the presence of the 2 bridging metal ions, the most striking feature of the S1P:LT1009 Fab complex structure is the extent to which the ligand is almost completely engulfed by its antibody (Fig. 2C) . In its antibody-bound conformation, S1P measures approximately 407 Å 2 of total molecular surface area (11) . Upon binding to the antibody, 276 Å 2 of the S1P molecular surface becomes buried. This places S1P among the group of higher than average buried surface percentage as a function of molecular surface area when compared to other antibody-bound nonpeptide small molecules (12) . The exposed surfaces of S1P include the greater portion of the phosphate head group and the terminal carbon atom. The latter served as the point of attachment when the S1P hapten was prepared synthetically for immunization (9) . Thus, the LT1009 Fab intimately contacts nearly all atoms in S1P, consistent with its relatively small size and high-affinity of interaction.
Inductively Coupled Plasma (ICP) Spectroscopy. To confirm the identity of the bound metal ions, the same purified, concentrated S1P:LT1009 Fab complexes used for crystallization were analyzed by ICP spectroscopy. When measured against Hepes buffer and calibrated with dilute solutions of Ca 2ϩ , Mg 2ϩ , and Mn 2ϩ salts in pure water, the only metal detected at levels Ͼ50 ppb in the samples was Ca 2ϩ . Comparison against the total protein complex concentration yielded a ratio of Ϸ2 Ca 2ϩ ions per complex. The fact that Ca 2ϩ is present within these complexes at all is surprising, because Ca 2ϩ was not intentionally introduced during any of the multiple chromatographic, dialysis, and concentration steps. Although the lipid used in these studies is synthetic and supplied as a zwitterionic salt without counterions, ICP analysis of the S1P:methanol emulsion used for complex formation revealed that it also contained detectable levels of Ca 2ϩ (1-2 M). Interestingly, when either unbound LT1009 whole IgG or Fab fragments were analyzed by ICP, the amount of detected Ca 2ϩ corresponded to approximately one metal ion per antigen binding site.
Metal Binding. The 2 bound Ca 2ϩ occupy neighboring sites in the S1P:LT1009 Fab complex crystal structure (Fig. 3A) . Their coordination sphere is created both by amino acid side chains from the LT1009 light chain and the phosphate group of S1P. Both Ca 2ϩ ions are octahedrally coordinated through one terminal syn 1 bond from either AspL31 to Ca1 or AspL92 to Ca2 (throughout this paper the letters ''L'' and ''H'' immediately before amino acid numbers indicates that they derive from light or heavy chains, respectively). Two bridging -1 : 1 interactions with AspL30 and AspL32 side chains provide another pair of bonds to each metal ion. Two separate pairs of water molecules occupy symmetrically similar positions about the ions thus providing 2 additional coordinating oxygen atoms to the complex. Finally, an oxygen atom from the phosphate head group of S1P completes the coordination of both ions with a bridge. This ligand arrangement allows the 2 Ca 2ϩ to come within 3.8 Å of one another without any linking atoms directly between them. The coordination chemistry of this complex is similar to that observed in nucleic acid-bound type II restriction endonucleases such as BamHI and PvuII, which require Mg 2ϩ for activity and are inhibited by Ca 2ϩ (13, 14) . (15) To test the importance of metal binding to complex formation, we measured the apparent affinity of whole IgG LT1009 antibody for S1P by ELISA in the presence of increasing concentrations of chelators (Fig. 3B ). This experiment revealed that S1P binding can be completely inhibited by the addition of either EDTA or the Ca 2ϩ -selective chelator EGTA at concentrations Ͼ10 M. When full-length LT1009 was first preincubated with 50 M EDTA or EGTA, S1P binding could be restored by the addition of either Mg 2ϩ or Ca 2ϩ (Fig. 3C ). Mg 2ϩ rescued S1P binding at significantly lower concentrations in the EGTAtreated antibody. These results suggest that both Mg 2ϩ and Ca 2ϩ are capable of bridging the LT1009 antibody and the phosphate on its S1P epitope and further illustrate the extremely stable binding of Ca 2ϩ in the complex cocrystals.
In an effort to assign a gain of function role for divalent metals in the S1P:LT1009 interaction, we compared LT1009 Fab binding affinity to an immobilized S1P derivative by surface plasmon resonance (SPR) spectroscopy in the presence and absence of Ca 2ϩ . By this analysis, the LT1009 Fab binds S1P with an apparent equilibrium dissociation binding constant (K D ) of 130 Ϯ 30 nM (n ϭ 3). Supplementing the buffer with 50 M CaCl 2 increased the apparent affinity to 1.1 Ϯ 0.1 nM (n ϭ 3) (Fig. 3D ). Both the association and dissociation rate constants shift toward a higher affinity interaction in the presence of Ca 2ϩ (Table 2 ). While it is likely that the presentation of S1P covalently attached to a 2D surface leads to the differences observed when comparing values of binding affinity measured by SPR to those in solution, the Ͼ100-fold increase in affinity is consistent with the crystal structure and chelation studies in demonstrating that Ca 2ϩ plays a major role in S1P:LT1009 complex formation.
Antigen Binding. Affinity and specificity in LT1009 binding of S1P derives from a series of complementary noncovalent interactions with the lipid (Fig. 4) . The first of these is an electrostatic attraction between the 2 bound Ca 2ϩ and a single oxygen atom from the phosphate head group (Fig. 4A) . Considering that the antibody contributes only 3 bonds to each of the bound Ca 2ϩ and in light of their proximity to one another, we suspect that Ca 2ϩ does not occupy these sites in the absence of bound S1P (see Discussion).
The second set of interactions involves direct contacts be- tween LT1009 and the amino alcohol region of S1P (Fig. 4B) . Both the C2-amino and C3-hydroxyl groups of S1P participate in hydrogen bonding interactions. However, only the hydrogen bond between the carboxylic acid group of GluL50 and the amino group of S1P involves an amino acid side chain, suggesting that this interaction is critical for S1P specificity. The C3-hydroxyl moiety forms hydrogen bonds with the backbone amides of GlyH99 and SerH100, both from CDR-H3. S1P contains a trans double bond between carbons 4 and 5 ( Fig. 1 A) .
There is nothing observed in the crystal structure to suggest that this chemical group is specifically recognized. Consequently, it is not surprising that sphinganine-1-phosphate, the reduced dihydro version of the ligand, binds indistinguishably to the LT1009 antibody (9) . The remaining contacts between S1P and the LT1009 Fab are primarily hydrophobic in nature (Fig. 4C) . Amino acids involved in these interactions include residues LeuL94 and PheL96 from the light chain and ThrH33, HisH35, AlaH50, SerH52, HisH54, IleH56, LysH58, PheH97, TyrH98, ThrH100A, and TrpH100C from the antibody heavy chain. Although several of these amino acids contain polar or charged side chains, each contribute to a network of closely packed carbon atoms and create a hydrophobic channel that surrounds the lipid aliphatic tail. For example, LysH58 runs the hydrophobic portion of its side chain parallel with the lipid tail and then projects its -amino group into the surrounding solvent. And HisH35 participates in 2 hydrogen bonds so that its -carbon atom can seal the floor of this hydrophobic chamber. TyrH98 occupies a key position within CDR-H3. Upon binding to S1P this loop adopts a conformation that folds to cover the top of the lipid, with TyrH98 functioning like a restraint, passing over the bound S1P molecule and fastening to the side chains of LeuL94 and LysH58 through van der Waals forces.
Site-Directed Mutagenesis. To confirm and assess the extent of participation of the observed interactions in stabilizing S1P binding, we performed site-directed mutagenesis coupled with in vitro binding assays (Fig. 4D) . Mutation of either AspL30 or AspL32 to Ala completely inhibited the ability of LT1009 to bind S1P. This is not surprising as both amino acids contribute significantly to Ca 2ϩ coordination. Another series of mutations were made to assess the contribution to S1P binding of residues that form the hydrophobic pocket. Mutation of TyrH98 to alanine resulted in a significant decrease in binding. HisH35Ala/ Gln mutations introduced in the core of this hydrophobic channel only marginally decreased S1P binding affinity. Mutation of HisH35 to Glu, however, completely disrupted formation of the complex. These data suggest that hydrophobic interactions between the tail of S1P and the LT1009 heavy chain are necessary for high affinity S1P:LT1009 complex formation. Introduction of a charged residue might allow water or ions to reside within the channel and block binding.
The most interesting mutation tested was GluL50 to Ala. This mutation, designed to assess the extent to which the hydrogen bond to the C2-amino group influences S1P:LT1009 complex formation, completely abrogates S1P binding. Loss of this hydrogen bond could be expected to decrease binding affinity and, perhaps, even decrease selectivity for S1P over structurally related lipids. However, complete loss of S1P binding as a result of mutation of GluL50 suggests that this residue plays a larger role in the mechanism of S1P:LT1009 complex formation.
Discussion
Our x-ray crystallographic and accompanying biochemical analyses confirm that the LT1009 antibody is capable of specific binding to the small bioactive lipid S1P. The challenge in selective binding of such targets becomes obvious when one considers that S1P contains only 25 nonhydrogen atoms and that 14 of them form a contiguous fully saturated linear hydrocarbon chain (Fig. 1 A) . LT1009 accomplishes this feat through a combination of electrostatic interactions, hydrogen bonds, and hydrophobic contacts that cover nearly 70% of the S1P molecular surface. Because typically there is a correlation between surface area and affinity, the S1P:LT1009 Fab complex crystal structure illustrates how the extremely efficient use of a minimum antibody surface area (CDR) can produce a high affinity interaction.
To recognize its epitope, the antibody employs a pair of bridging calcium ions. The critical role of Ca 2ϩ in stabilizing the S1P:LT1009 interaction is clearly demonstrated by the greater than 100-fold increase in apparent affinity when Ca 2ϩ is included in binding assays. The use of divalent ions is a strategy that has been used many times by enzymes and structural proteins. Some, such as the peripheral membrane protein annexin V, the C2 domain of protein kinase C␣, and Gla domain of human prothrombin, use Ca 2ϩ to bridge their interactions with phospholipids (15) (16) (17) .
Antibodies have been observed previously to bind metals either as a consequence of their structure or as a result of their design (18, 19) . In one recent study, the antibody Q425 was found to require Ca 2ϩ for high affinity binding to its antigen, the CD4 receptor of helper T cells, in solution binding assays (20) . The light chain CDR loops of the Q425 antibody display significant sequence homology to LT1009 including each of the 4 calcium coordinating aspartic acid residues as well as GluL50 (Fig. 1B) . Interestingly, crystallographic analysis of the Q425 Fab either in the presence of Ca 2ϩ or with EDTA revealed that it binds to a single Ca 2ϩ at an alternative site. This is clearly illustrated when the Ca 2ϩ :Q425 and S1P:LT1009 Fab complexes are superimposed (Fig. 5A ). Ca 2ϩ in Q425 is coordinated through the side chains of AspL32, GluL50, and a backbone carbonyl oxygen from SerL91 on the light chain and AsnH100B from the heavy chain. All of these side chains occupy nearly identical positions as their counterparts in LT1009 with the exception of AsnH100B, which resides on the tip of CDR-H3 that displays a significant difference in conformation between the 2 structures (Fig. 5B) . The binding affinity of Q425 for Ca 2ϩ was deduced by virtue of the effect of Ca 2ϩ on CD4:Q425 complex formation, suggesting that Q425 binds the metal in the 187 M range. The variable domain antibody fragment MR1 is a third antibody with a nearly identical light chain sequence. X-ray crystallography of an MR1 Fv fragment revealed not only that it does not bind Ca 2ϩ but also that none of the potential light chain Ca 2ϩ coordinating amino acids are involved in contacting an EGFRvIII epitope peptide (21) .
The structural observations made in these related antibodies combined with our structure, ICP, and mutagenesis data suggest that the 2 stably bound Ca 2ϩ we observe in the S1P:LT1009 Fab complex crystal structure do not likely occupy these sites in the absence of S1P. This raises questions as to the source of the 2 Ca 2ϩ ions. We speculate that antigen-free LT1009 contains one Ca 2ϩ bound at the alternative site observed in the Ca 2ϩ :Q425 Fab structure (Fig. 5C) . Upon S1P recognition, the CDR-H3 loop changes conformation and GluL50 from the light chain moves to hydrogen bond with the C2-amino group of S1P. These changes release the bound Ca 2ϩ , which is immediately scavenged at the phosphate binding site. The remaining Ca 2ϩ might be associated with S1P. Our ability to detect Ca 2ϩ by ICP spectroscopy in the S1P emulsion used in our complex formation protocol supports this hypothesis. It remains to be seen whether Ca 2ϩ might similarly be associated with S1P in vivo as there is an abundance of Ca 2ϩ in extracellular fluid. This mechanism supports a fundamental role for GluL50 within the LT1009 light chain in providing a ''reservoir'' of Ca 2ϩ for complex formation during maturation and helps to explain why mutation of this residue is deleterious to ligand binding.
Besides satisfying the existing structural and biochemical observations, this model helps to explain why bridging metals have not been observed previously in antigen:antibody complex structures. Zhou et al. (20) suggest that to evolve interfacial metal binding the metal must ''bind to the Ab with sufficient affinity to comprise part of the recognition surface, but at the same time they must do so with only a partially filled coordination shell to permit additional ligation by antigen.'' This is likely true. However, in light of our observations it also seems reasonable that an alternative approach might be to couple relatively low affinity metal binding at one site with conformational change and high affinity antigen:metal:antibody complex formation. Experimental investigations into the kinetics of S1P binding by LT1009 and an antigen-free crystal structure will improve our understanding of this therapeutically relevant antibody.
Materials and Methods
Antibody Production and Fab Preparation. Stable CD-CHO cells that produce LT1009 have been developed by Lpath as reported in a recent publication (9) . Antibodies were purified by ProSep-vA-Ultra (Millipore) chromatography. LT1009 IgG was digested at a 100:1 ratio with activated papain (Worthington); the reaction was quenched with iodoacetamide, dialyzed, and purified by anion exchange chromatography. Fab-containing fractions were passed through a protein-A column, concentrated, and stored at 4°C. A more detailed description of this and other experimental methods is available online as SI Materials and Methods.
Complex Formation and Cocrystallization. A 5-fold molar excess of 1 mM S1P (Avanti Polar Lipids) was resuspended in 500 L of LT-1009 Fab (3.5 mg/mL), filtered, and concentrated to 12 mg/mL. Crystals were grown at room temperature by the hanging drop, vapor diffusion method. 1 L of 12 mg/mL S1P:Fab complex was mixed with 1 L of reservoir solution containing 22% (wt/vol) polyethylene glycol 3350, 100 mM MgSO 4, 100 mM Na citrate (pH 6.0), and 10% (vol/vol) ethylene glycol.
Data Collection and Processing.
Home source x-ray diffraction data were collected at 100 K on an R-Axis IVϩϩ image plate detector (Rigaku) and synchrotron data were collected on an ADSC 200 CCD detector at the Advanced Light Source Beamline 5.0.1 Berkeley National Laboratory. Data indexing and scaling were carried out by using HKL2000 (22) . Data collection and refinement statistics are summarized in Table 1 .
Structure Solution, Model Building, and Refinement. Molecular replacement was carried out in PHASER (23) and further refinement by maximum likelihood methods was run in REFMAC (24) . The model was rebuilt in the program XTALVIEW (25) . Coordinates for sphingosine-1-phosphate were prepared by adding a phosphate to sphingosine taken from the HIC-UP server (26) . Stereochemical analysis and final adjustments to the model were directed by MOLPROBITY (27) . Coordinates and structure factors were deposited to the Protein Data Bank (28 (Table S1 ).
Surface Plasmon Resonance Spectroscopy. SPR experiments were performed on a BioRad ProteOn XPR36 system at 25°C. An S1P derivative containing a thiol group at the C18 position was immobilized to a ProteOn GLM sensor chip using sulfo-MBS coupling to produce surface densities between 600 and 1200 In its unbound conformation, the light chain (labeled ''L'' in the figure) binds one Ca 2ϩ at a site similar to that observed in the Q425 antibody structures. S1P binding introduces conformational changes that disrupt the original Ca 2ϩ binding motif as well as potentially introducing one additional Ca 2ϩ . The phosphate group of S1P then combines with 2 Ca 2ϩ to produce the extremely stable Ca 2ϩ coordination complex observed in the S1P:LT1009 Fab complex crystal structure.
RU. Binding experiments were carried out in the presence or absence of 50 M CaCl2. Data were double referenced by subtracting the responses from interstitial reference spots as well as blank injections using the analysis program Scrubber2-Pro (Biologic Software). Processed data were fit to a 1:1 interaction model to extract estimates of the binding constants.
Site Directed Mutagenesis and Expression of Mutated Antibodies. Plasmids harboring mutations within the variable domains of the heavy and light chains were prepared by using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). Mutant plasmids were confirmed by DNA sequencing. Mutant LT1009 antibodies were produced from transiently transfected HEK 293F cells as described in ref. 9 .
Metal Chelation Studies. Samples containing 150 ng/mL full length LT1009 and titrated with EDTA or EGTA (Boston Biosciences) were prepared in duplicate and analyzed by ELISA. To assay the effect of specific metal ion addition, samples containing 150 ng/mL full length LT1009 and either 50 M EDTA or EGTA was titrated with CaCl2 or MgCl2 (Sigma). Each sample (n ϭ 2) was evaluated in triplicate by S1P binding ELISA. S1P Binding ELISA. Microtiter ELISA plates (Costar) were coated by incubation with S1P conjugated to delipidated BSA. Plates were washed and blocked before primary incubation of wild-type or mutant full length LT1009 antibodies. Plates were washed and incubated with HRP-conjugated goat anti-human IgG (Jackson Laboratory). After washing, peroxidase activity was measured with tetramethylbenzidine substrate (Sigma) and optical density (OD) was measured at 450 nm by using a Thermo Multiskan EX. Data were plotted by using Graphpad Prism software.
